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ttp://dx.Abstract ZnO/glass spiral (GS) was prepared by immobilization of ZnO on GS with facile
method, and was characterized by X-ray diffraction analysis (XRD), scanning electron microscope
(SEM) and the crystallite size of ZnO on GS surface was calculated. SEM showed rod-like shape of
ZnO particles on GS surface. Photocatalytic activity of prepared immobilized photocatalyst was
investigated for decolourization and degradation of C.I. Reactive Red 120 (RR-120) dye under sun-
light. The kinetics of decolourization and degradation removal has been investigated. The effect of
pH on decolourization and degradation of dye was studied. The decolourization and degradation of
dye were followed by pseudo-ﬁrst order reaction. The decolourization and degradation of RR-120
dye were enhanced by H2O2 addition to deﬁnite dosage beyond that the effect is diminished. Also,
the reusability of immobilized ZnO on GS was tested for photocatalytic degradation of dye and it
was worth noting that it has high efﬁciency with slight decrease (5%) after ﬁve successive runs.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The textile factories generate large amounts of waste streams,
which are toxic and resistant to biological treatment methods.0 233371479.
(Mohamed Eid M. Ali).
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doi.org/10.1016/j.arabjc.2014.02.01The protection of water resources from these efﬂuents has be-
come a serious need. Azo dyes, such as C.I. Reactive Red 120,
are extensively used in the dyeing process of textile (Silvia
Diaz-Cruz and Damia, 2008). Advanced oxidation technolo-
gies (AOTs) have recently been employed to be effective for
mineralization of toxic pollutants in wastewater. Among
AOPs, heterogeneous photocatalysis over semiconductor sur-
face is an attractive remediation method which is considered
as sludge free wastewater treatment technique. Due to their
photoactivity, stability and low toxicity, TiO2 and ZnO have
been studied in a different environmental detoxiciﬁcation
(Neppolian et al., 2002). Zinc oxide (ZnO) photocatalysis hasier B.V. All rights reserved.
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2 M.Y. Ghaly et al.been stated to be more efﬁcient than TiO2 for photocatalytic
mineralization of cyanuric acid (Sakthivel et al., 2003), so it
can be an alternative to TiO2 (Srikant and Clarke, 1998;
Dindar and Icli, 2001). It exhibited high efﬁciency in the treat-
ment of pulp mill wastewater (Pirkanniemi and Sillanpaa,
2002), the photooxidation of 2-phenylphenol and phenol
(Khodja et al., 2001). It was worth noting that most of investi-
gated works in the photocatalytic degradation of pollutants
have used slurry of semiconductor that leads to the problem of
photocatalyst recovery and unwanted release of semiconduc-
tors, which themselves may pose adverse effect on environment
and human health (Oberdo¨rster et al., 2005). The overcoming of
this problem can be done by ﬁxing the catalyst on a support.
Many works studied the feasibility of coating the photocatalyst
on inert surfaces such as glass, polythene ﬁbres, cement surface,
silica gel, quartz optical ﬁbres, glass ﬁbres, glass beads, ceramics,
cellulose membranes, polymer ﬁlms, and zeolites (Chakrabarti
et al., 2008;Melia´n et al., 2009;Marto et al., 2009; Sil and Chak-
rabarti, 2010). Thus, the presentwork is aimed to prepare immo-
bilized ZnO semiconductor on GS as support and to study the
photocatalytic decolourization of RR-120 using a solar para-
bolic collector. The stability and reusability of ZnO/GS will be
investigated.
2. Experimental
2.1. Materials used
The commercial azo dye C.I. Reactive Red 120 (C44Cl2H24N14-
Na6O20S6;) obtained from Ciba, (Switzerland) was used
throughout the present investigation as received and without
further puriﬁcation. All other chemicals used in this study were
obtained from Merck (Germany) and used without further
puriﬁcation; also, H2O2 solution (35% w/w), H2SO4 and
NaOH, HCl, and zinc metal were purchased from Fluka
(Germany).
2.2. Preparation of ZnO and coated glass spirals with ZnO
Zinc oxide was prepared by dissolution of high grade zinc me-
tal in hydrochloric acid. The resulted solution was cooled to
below 15 C and left at room temperature for 24 h and then ﬁl-
tered. Precipitation of zinc hydroxide was induced with ammo-
nia solution. The resultant mixture was stirred for 4 hours; zinc
hydroxide was separated by ﬁltration, and thoroughly washed
with de-ionized water to remove remaining chlorides. Then the
precipitate was dried at 60 C in oven. The dried material was
subsequently calcined at 500 C for 2 h. Then, the prepared
ZnO powder was immobilized on cylindrical amorphous boro-
silicate glass spirals (Wilson spirals, 12 mm diameter, weight
0.8 g) as follows. The glass spirals were etched with dilute
hydroﬂuoric acid (2.5 mM) for 24 h in order to fabricate a
rough surface for better adherence of ZnO to the glass surface.
2 g of prepared ZnO was suspended in 100 mL distilled water
and stirred overnight. The slurry and roughened glass spirals
were added to a rotating ﬂask immersed in water bath, which
was connected to a vacuum pump. ZnO/GS was obtained after
evaporation of the water. The coated spirals were then dried at
120 C in oven for 24 h, after that they were thoroughly
washed with distilled water to remove weakly adhered ZnOPlease cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01particles. Finally, the ZnO/GSs were calcined at 200 C in a
mufﬂe furnace for 4 h.
2.3. Material characterization
Characterization of prepared ZnO/GS was investigated by
X-ray diffraction (XRD), and scanning electron microscope
(SEM). Powder XRD measurements were performed on a
Bruker (USA) D8 diffractometer employing Cu Ka radiation,
Ni ﬁlters and operated at 40 kV and 40 mA with angular scan-
ning range 2 b= 4–90o. The morphology of ZnO particles
was determined by SEM employing a JEOL (USA) microscope
equipped with XL-30 ESEM NEW XL-30 135-10 microanaly-
sis system. The specimens were mounted on 15 mm diameter
stubs coated with a thin layer of carbon paste.
2.4. Conﬁgurations of the solar collector
Fig. 1.a shows a schematic diagram of the set-up of the unit of
the parabolic solar reactor and a photograph of the parabolic
collector. The solar reactor composed of a UV transparent
glass tube (1.5 m long and 40 mm in diameter) connected to
a feeding tank in a closed recirculation loop with a constant
ﬂow (50 L/h), which was maintained by a peristaltic pump.
The glass tube was mounted in the focal point of the parabolic
reﬂector. An irradiated surface area of 2.1 m2 was fabricated
from aluminium sheet placed on ﬁxed metal support as a par-
abolic concentrating collector that is to be oriented about a
horizontal east–west axis so as to constantly minimize the an-
gle of incidence and thus maximize the incident solar intensity.
2.5. Solar irradiation experiments
All solar photocatalytic experiments were carried out under
the same conditions during period from January to March
2011. The intensity (J) was found to be approximately constant
during the experiments as shown in Fig. 1b. Each experimental
run was carried out using the following procedure: (1) the solar
reactor tube was ﬁlled with ZnO/GS, (2) the dye solution was
circulated through the solar reactor tube at a constant ﬂow
(1 L/min) for 30 min prior to irradiation, (3) the dye solution
was subsequently irradiated by sunlight for 180 min, and (4)
small samples (5 cm3) of the dye solution were withdrawn at
regular time intervals every 20 min through the sample valve
(Fig. 1a). Several series of experiments were conducted with
aeration to determine: (i) photolytic dye removal in the ab-
sence of photocatalyst in, (ii) adsorption of dye over photocat-
alyst, (iii) photocatalytic dye removal over ZnO/GS under
sunlight; that depends on dye concentration, solution pH,
hydrogen peroxide amount and presence of sodium carbonate.
The initial pH value was adjusted with H2SO4 or NaOH. In
the experiments of addition hydrogen peroxide to the dye solu-
tion, hydrogen peroxide was injected before the start of the so-
lar catalytic oxidation. The stability of ZnO/GS was assessed
by analysis of amount of zinc in dye solution after 180 min
of sunlight irradiation using atomic absorption spectroscopy
(AAS Varian 220). The reusability of catalyst was evaluated
by reclaiming the catalyst of the reaction in the batch mode,
washing, drying in air at 110 C and using it for dye degrada-
tion under similar experimental conditions.lass for solar photocatalytic oxidation of Reactive Red 120. Arabian
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Figure 1 (a) Schematic diagram of the solar photocatalytic
reactor and photograph of the solar parabolic collector with UV
transparent glass tube reactor positioned in the focal point. (b)
Average direct solar radiation per month at Greater Cairo.
(a)
(b)
Figure 2 Characterization of ZnO supported on GS (a) XRD
diffraction patterns. (b) SEM image.
ZnO/spiral-shaped glass for solar photocatalytic oxidation of Reactive Red 120 32.6. Analysis
Prior to analysis, 0.5 mL NaOH was added to the withdrawn
samples in order to stop further reactions in the dye solution.
The optical absorbance was determined by a spectrophotome-
ter (PD-303 UV spectrophotometer APEL, Japan). The absor-
bance at 510 nm is used to examine the decolourization of the
dye. The absorbance at 254 nm represents degradation of dye
due to decomposition of the aromatic part of the dye. The pH
of the solution was determined by using a HANNA pH meter.
ZnO content of the coated glass spirals as Zn was analysed by
atomic Absorption Spectroscopy. The percents of decolouriza-
tion and degradation were calculated using the following
formula:Please cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01Decolourization percent
¼ ððA510of initial dye solution
 A510 at tÞ=A510of initial dye solutionÞ  100%Degradation percent
¼ ððA254of initial dye solution
 A254 at tÞ=A254of initial dye solutionÞ  100%3. Results and discussion
3.1. Characterization of ZnO supported on GS
Fig. 2a shows XRD pattern of the prepared ZnO supported on
GS surface, that displays the dominant diffraction lines at 2b
values of 36.65, 39.44 and 41.49  corresponding to (200)
and (210) planes that traduced to cubic phase of ZnO. Also,
Fig. 2a revealed that there is no distinct additional diffraction
peaks for glass spiral. The broadness of the peaks of XRD
lines indicates the formation of nanoparticle’s polycrystalline
structure. In consequence, the well-prepared ZnO crystallinate
size is calculated from the maximum diffraction peak (Fig. 2a)
by the Scherrer equation as follows (Azaoff, 1968):
d ¼ Kk=b cosb ð1Þ
where d is the crystallite size, K is the Scherrer constant of 0.89,
k is the wavelength of the X-ray radiation (0.15418 nm for Cu
Ka), and b is the full width half maximum of diffraction peak
measured at 2b). The average crystalline size of prepared ZnO
powder is about 49.9 nm. The morphology of ZnO particles on
GS is very sensitive to synthesis methods and conditions. How-
ever, different morphologies have similar XRD patternslass for solar photocatalytic oxidation of Reactive Red 120. Arabian
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Figure 3 Removal rate of CI Reactive Red 120 as a function of
time of solar irradiation over ZnO/GS. (1) photodecolourization
of dye, (2) photodegradation of dye, and (3) Dye treated with
ZnO/GS in dark [dye concentration of 5 · 105 mol/L and pH of
7].
4 M.Y. Ghaly et al.(Chakrabarti et al., 2008). SEM image in Fig. 2b shows that
prepared ZnO particles on GS surface present as rod-like
aggregates. The diameter and length of the ZnO rods vary
from 0.5–1.5 to 1.5–6.5 lm, respectively.
3.2. Solar decolourization and degradation of RR-120 dye over
ZnO/GS
Prior to evaluation of solar decolourization and degradation
of the dye over ZnO/GS under sunlight, control experiment
was carried out under sunlight in the absence of ZnO/GS.
All experiments were conducted with dye concentration of
5 · 105 mol/L and pH of 7. It was observed that the colour
of dye was reduced by 12% after 180 min. It can be concluded
that the dye is resistant to photolysis. In the presence of ZnO/
GS in dark, the dye concentration was decreased by 26% after
60 min of reaction time as shown in Fig. 3. This is attributed to
adsorption of dye on the surface of ZnO/GS. The decolouriza-
tion and degradation rates of RR-120 against irradiation time
are shown in Fig. 3. It was interesting that under simultaneous
irradiation and aeration complete decolourization 70% of deg-
radation of the dye were achieved over ZnO/GS after 100 min
of reaction time. Thus, it is worth noting that the degradation
of RR-120 took place over ZnO/GS under sunlight. These
ﬁndings were comparable to previous studies (Marto et al.,
2009).
According to the principle of photocatalysis, electron (e) –
hole (h+) pairs are generated, when ZnO photocatalyst is irra-
diated with sunlight. Separated electrons (e) and holes (h+)
diffuse to the surface of semiconductor and react with water,
hydroxyl group and molecular oxygen absorbed on semicon-
ductor producing reactive radicals, such as O2
, OH, and
H2O2. These reactive radicals react with adsorbed dye on
ZnO/GS and degrade it. Furthermore, the photocatalytic
activity of ZnO/GS mainly depends on two factors: (1) the
electron–hole generation capacity i.e. high utilization of inci-
dent light (visible); (2) the separation efﬁciency of the photo-
generated charge pair. In ZnO/GS, nanocrystalline and rod-
like ZnO supported GS surface could form defects which could
provide a shallow trap for photo-generated hole to inhibit thePlease cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01recombination of electron–hole pair and extend the lifetime of
charge separation. Therefore, the photogeneration rate of hy-
droxyl radicals could be enhanced and dye photodegradation
was enhanced. It was found that decolourization of the dye
is faster than the degradation. Decolourization took place
via attack on chromophoric groups leading to cleavage of
N‚N, while degradation occurred via the cleavage of aro-
matic ring to form smaller byproducts such as aliphatic acids.
Photocatalytic degradation of triazine containing azo dyes
proceeds via three steps. In the ﬁrst step, the more active bonds
were hydroxylated, which included the CAN bond linked to
the benzene ring and the naphthalene ring to form organic
acids with or without the hydroxyl group that leads to dye dec-
olourization. Then, the groups linked to the triazine ring were
replaced by the hydroxyl group to yield the well-known cyan-
uric acid. At the same time, the aromatic acids produced from
the ﬁrst step were subsequently hydroxylated and led to the
cleavage of aromatic ring to form aliphatic acids (Konstanti-
nou and Albanis, 2004). Thus, immobilized ZnO on GS sur-
face is a promising photocatalyst for wastewater puriﬁcation
without needing to recovery from solution.
3.3. Effect of pH
Solution pH is an important parameter that inﬂuences on the
photocatalytic degradation. To investigate the effect of pH
experiments on photodegradation of RR-120, solar photocat-
alytic experiment was performed in the range of pH 3–11 in
the presence of ZnO/GS (data not shown for brievity) with
dye concentration of 5 · 105 mol/L. The obtained results
indicated that the increase of pH of the dye solution up to
pH 9 results in an increased decolourization of dye from
70% to 100%, while the degradation increases from 58% to
93% after 60 min of solar irradiation. At low pH, corrosion
of ZnO occurred and photocatalytic reaction is prohibited
due to dissolution of Zn2+ in the solution as well as decreasing
adsorption of dye over ZnO/GS. This leads to lowering of deg-
radation rate (Lakshmi et al., 1995; Shourong et al., 1997).
But, RR-120 dye contains the sulphate group in its structure,
which is negatively charged in alkaline conditions (pH > 9).
Therefore, effective dye adsorption is hindered from electro-
static reasons. Hence, at intermediate pH, i.e. between 7 and
9 optimum conditions for dye adsorption and photogeneration
of hydroxyl radicals occur and produce a maximum in the dye
removal rate vs. pH. Furthermore, it is evident that photocat-
alytic decolourization and degradation rates increased with
raising pH of RR-120 wastewater to 9.
3.4. Effect of dye concentration
The effect of dye concentrations, on the solar photocatalytic
decolourization and degradation was investigated in the range
of 1 · 105 to 7 · 105 mol/L. It was found that the increase in
dye concentration decreased the removal rate of dye. When the
dye concentration is increased from 1 · 105 to 7 · 105 mol/
L, the decrease of the decolourization from ca 100% to 71%
and decrease of the degradation from 65% to 27% were
achieved within 40 min of irradiation. As initial concentration
increases, more and more dye is adsorbed on the surface of
ZnO. This reduces the generation of hydroxyl radicals,
since there are only a fewer active sites for the adsorption oflass for solar photocatalytic oxidation of Reactive Red 120. Arabian
5
(a)
(b)
-1
1
3
5
7
9
11
13
15
0 20 40 60 80 100 120 140 160 180
ln
(A
0/A
t)
Time (min)
0
1
2
3
4
5
0 20 40 60 80 100 120 140 160 180
ln
(A
0
/lA
t)
Time (min)
Figure 4 Kinetics for (a) dye decolourization and (b) dye
degradation at pH 7 and different initial concentrations (1)
1 · 105 mol/L, (2) 2 · 105 mol/L, (3) 3 · 105 mol/L, (4)
4 · 105 mol/L, (5) 5 · 105 mol/L, (6) 6 · 105 mol/L and (7)
7 · 105 mol/L.
Table 1 Kinetic parameter of ﬁrst order reaction of solar
photocatalytic decolourization and degradation of C.I. Reac-
tive Red 120 dye over ZnO/GS.
Initial dye
concentration,
mol/dm3 (·105)
Decolourization Degradation
kapp, min
1
(R2P 0.98)
t0.5, min kapp,min
1
(R2P 0.98)
t0.5, min
1 0.139 4.99 0.031 22.36
2 0.104 6.66 0.024 28.88
3 0.086 8.06 0.017 40.77
4 0.069 10.05 0.013 53.32
5 0.059 11.75 0.012 57.76
6 0.048 14.44 0.01 69.31
7 0.039 17.77 0.009 77.02
ZnO/spiral-shaped glass for solar photocatalytic oxidation of Reactive Red 120 5hydroxyl ions and the generation of hydroxyl radicals. Fur-
ther, as the concentration of dye solution increases, incident
photons were adsorbed by dye before they can reach the cata-
lyst surface. Hence, the absorption of photons by the catalyst
decreases, and consequently the degradation rate is reduced
(Byrappa et al., 2006; Sobana and Swaminathan, 2007).
3.5. Kinetic analysis
Non-competitive Langmuir–Hinshelwood (L–H) kinetic mod-
el was used to describe photocatalytic degradation of organic
pollutants i.e. dye in the solid–liquid phase reaction. Since,
the dye degradation process involves a relatively rapid adsorp-
tion step to achieve equilibrium and slow (rate determining)
reaction step (Ollis, 1985; Galindo et al., 1999). It was assumed
that the rate of oxidation of dye at photocatalyst surface is
proportional to the surface coverage with dye that can be
expressed in the following Eq. (2):
r ¼ k1h ð2Þ
where, r is the initial rate of dye degradation, h is surface cov-
erage with dye and k1 is actual rate constant of dye oxidation.
The effect of dye concentration on the coverage surface
with dye is then given by Eqs. (3) and (4):
h ¼ KC0
1þ KC0 ð3Þ
r ¼ k1KC0
1þ KC0 ð4Þ
where k1 is actual reaction rate constant, K is equilibrium con-
stant of sorption of dye and C0 is initial dye concentration.
At low initial dye concentrations, K C0 << 1, the rate Eq.
(4) can be expressed in (5):
r ¼ k1KC0 ¼ kappC0 ð5Þ
Since, kapp was apparent rate constant. The photocatalytic dec-
olourization and degradation of C.I. Reactive Red 120 dye
were found to obey pseudo ﬁrst-order kinetics, Eq. (6).
 dC
dt
¼ kappC0 ð6Þ
By integration this equation at (t= t0), Eq. (7) was obtained.
ln
C0
Ct
¼ kappt ð7Þ
According to Lambert’s law, absorbance of dye is propor-
tional to dye concentration so ln C0/Ct can be replaced by ln
A0/At. A plot of ln A0/At versus t for dye decolourization
and photodegradation is illustrated in Fig. 4a and b. The val-
ues of the corresponding kapp for decolourization and degrada-
tion at different initial dye concentrations are listed in Table 1.
It was found that as initial dye concentration was increased
from 1 · 105 to 7 · 105 mol/L, rate constant of RR-120 dec-
olourization was decreased from 0.139 to 0.039 min1. The
analogue value for degradation was decreased from 0.031 to
0.009 min1.
The L–H model (Eq. (4)) of the decolourization and degra-
dation rate reactions is conﬁrmed by the linear plot obtained
by plotting reciprocal of the initial rate (1/r) against reciprocal
of the initial concentration (1/C0) shown in Fig. 5a. The values
K and k1 are 1.37 · 105 mol1 L and 0.22 · 105 mol/L minPlease cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01for decolourization and 1.37 · 105 mol1 L and
0.054 · 105 mol/L min for degradation, respectively from
the linear plot. The product of k1 was in agreement well with
the apparent rate constant values obtained at low initial con-
centrations. There is additional support to conﬁrm applicabil-
ity of L–H model. Eq. (4) can be rewritten as follows:lass for solar photocatalytic oxidation of Reactive Red 120. Arabian
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(a)
(a)
Figure 5 Plot of L–H model for decolourization and degrada-
tion of C.I. Reactive Red 120 dye (a) 1/r versus 1/C0, (b) t0.5 versus
0.5 C0, initial pH of 7.
Table 2 Effect of addition of H2O2 on the decolourization
and degradation of C.I. Reactive Red 120 dye.
Amount of hydrogen
peroxide (mmol/dm3)
Decolourization,% Degradation,%
0 55.4 53.3
12 71.7 65.4
23 82.8 78.5
35 96.4 84.9
47 80.6 80.2
58 72.6 74.3
70 67.4 70.5
Table 3 Effect of addition of Na2CO3 on the decolourization
and degradation of C.I. Reactive Red 120 dye.
Amount of
carbonate (g/dm3)
Decolourization,% Degradation,%
0 85.2 75.4
1 80.6 71.3
2 77.3 68.6
3 69.8 64.2
4 65.2 62.1
6 M.Y. Ghaly et al. dC
dt
¼ k1KC0
1þ KC0 ð8Þ
The integrated form of the above equation can be obtained as
follows (9):
t ¼ ðC0  CtÞ
k1
þ 1
Kk1
ln
C0
Ct
ð9Þ
at t= t0.5, Ct = 0.5 C0, thus the following equation can be
obtained:
t0:5 ¼ 0:5C0
k1
þ 0:693
Kk1
ð10Þ
A linear plot of t0.5 versus 0.5 C0 was obtained (Fig. 5b), whose
slope is 1/k1 and slope/intercept is K/0.693. The values of K
and k1 could be calculated from Fig. 5b. They are 1.24 · 105
mol1 L and 0.24 · 105 mol/L min for decolourization and
1.03 · 105 mol1 L and 0.053 · 105 mol/L min for degrada-
tion, respectively. Also, these values are noticed to agree with
calculated kapp. This is revealed that photocatalytic decolouri-
zation and degradation of dye were processed via adsorption
step. Moreover, it was concluded that the photocatalytic dec-
olourization and degradation of RR-120 over ZnO/GS follows
ﬁrst order kinetics and Langmuir–Hinshelwood model is
found to be available.
3.6. Effect of hydrogen peroxide as electron acceptor
The recombination of photo-generated hole–electron pairs was
the limiting factor for the photocatalytic degradation of organ-
ics. The rates and efﬁciencies of photo-assisted degradation of
organic substrates are signiﬁcantly improved by addition of
electron acceptor i.e. hydrogen peroxide, which is attributed
to an increased concentration of produced hydroxyl radical
(Daneshvar et al., 2002), as shown in following equations.Please cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01eCB þH2O2 ! OH þ OH ð11Þ
H2O2 þ ht! 2OH ð12Þ
H2O2 þ OH! HOO þH2O ð13Þ
The photocatalytic degradation of dye has been studied at dif-
ferent hydrogen peroxide concentrations and presented in Ta-
ble 2. The dye degradation rate is increased with increasing
H2O2 concentration up to 35 · 103 mol/L, while it was de-
creased at higher concentrations. Hydrogen peroxide may also
be split photo-chemically to produce hydroxyl radical directly
as described in the studies of homogeneous photo-oxidation
using UV/H2O2 (Eq. (12)) (Stefan and Bolton, 1999). At high
concentrations of H2O2, it becomes a powerful
OH scavenger
(Eq. (13)) (Sauer et al., 2002). Table 2 suggested that this pro-
cess was favoured at H2O2 concentrations > 35 mmol/L. It
can be concluded that proper addition of hydrogen peroxide
can accelerate the photo-degradation rate of dye.
3.7. Effect of Na2CO3 as hydroxyl scavenger
From a practical viewpoint, it is necessary to assess the effects
of the other chemicals used in the textile industry that may af-
fect photocatalytic reaction. Moreover, sodium carbonate
(Na2CO3) is added to adjust the pH of the dyeing bath (Nansh-
eng et al., 1996). Therefore, the textile industry wastewater
could contain a considerable amount of carbonate ions. So it
needed to study their inﬂuence on the solar photocatalytic deg-
radation of dye. The effect of additions of Na2CO3 on the solar
photocatalytic oxidation of dye is shown in Table 3 at pH 7,
dye concentration of 5 · 105 mol/L. It was observed that
small amounts of carbonate ions suppressed the solar photo-
catalytic decolourization and degradation reactions. Increas-
ing the Na2CO3 concentration decreases the degradation
rate. Since carbonate ions are efﬁcient hydroxyl scavengers
as follows:lass for solar photocatalytic oxidation of Reactive Red 120. Arabian
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Table 4 Stability and reusability of ZnO/GS for photocata-
lytic decolourization and degradation.
Run No. Decolourization % Degradation %
First run 100 69.8
Second run 97.80 67
Third run 97.31 66
Fourth run 95.95 65
Fifth run 94.99 64
ZnO/spiral-shaped glass for solar photocatalytic oxidation of Reactive Red 120 7CO23 þ OH! OH þ CO3 ð14Þ
HCO3 þ OH! H2Oþ CO3 ð15Þ3.8. Reusability of photocatalyst
Reusability of ZnO/GS photocatalyst for the degradation of
RR-120 under sunlight was evaluated. The used ZnO/GS after
photocatalytic degradation of dye was washed with water and
dried. The dried ZnO/GS catalyst was used for the degradation
of RR-120 under similar conditions (dye concentration was
5 · 105 mol/L; pH of dye solution was 9). The treated dye
solution was subjected to AAS analysis to assess the leaching
of Zn2+ ions to solutions as a result of leaching of ZnO from
GS support. It was worth noting that the dissolution of photo-
catalyst was found to be negligible (0.2 mg/L of zinc was ob-
served during 180 min of reaction time). Table 4 shows the
efﬁciency of ZnO/GS for photocatalytic degradation of RR-
120 under sunlight after successive ﬁve runs. Slight decrease
of catalytic activity of used photocatalyst was noticed. It can
be concluded that ZnO supported on glass spiral had high sta-
bility and reusability after several usages in photocatalytic deg-
radation of persistent pollutants.
4. Conclusions
ZnO/GS was prepared by facile method to avoid the problem
of photocatalyst recovery. The photocatalytic discolouration
and degradation of C.I. Reactive Red 120 dye have been stud-
ied over ZnO/GS under sunlight. It was observed that com-
plete dye decolourization and 90% of dye degradation was
obtained after 60 and 180 min of solar irradiation in the pres-
ence of ZnO/GS, respectively. The obtained data revealed that
the decolourization rate was faster than the degradation rate.
The results are worth noting that efﬁcient solar photocatalytic
oxidation of dye was favourable in alkaline media (pH 7 to
9). The photocatalytic decolourization and degradation obey
pseudo-ﬁrst-order kinetics. The initial decolourization and
degradation rates of dye were ﬁtted to Langmuir–Hinshel-
wood model. The presence of carbonate ions leads to reductionPlease cite this article in press as: Ghaly, M.Y. et al., ZnO/spiral-shaped g
Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.02.01in the photocatalytic degradation of dye owing to its hydroxyl
scavenging ability. Stability and reusability of ZnO/GS were
investigated and it was found to be reusable several times with
high efﬁcacy in solar photocatalytic degradation of dye. Final-
ly, supported ZnO on GS surface is a promising photocatalyst
for wastewater puriﬁcation.
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